The organization of polymerized actin in the mammalian cell is regulated by several members of the rho family. Three rho proteins, cdc42, rac and rho act in a cascade to organize the intracellular actin cytoskeleton. Rho proteins are involved in the formation of actin stress ®bers and adhesion plaques in ®broblasts. During transformation of mammalian cells by oncogenes the cytoskeleton is rearranged and stress ®bers and adhesion plaques are disintegrated. In this paper we investigate the function of the rho protein in RR1022 rat ®broblasts transformed by the Rous sarcoma virus. Two activated mutants of the rho protein, rho G14V and rho Q63L, and a dominant negative mutant, rho N117I, were stably transfected into RR1022 cells. The resulting cell lines were analysed for the organization of polymerized actin and adhesion plaques. Cells expressing rho Q63L, but not rho wt, rho G14V or rho N117I, showed an altered morphology. These cells displayed a¯at, ®broblast like shape when compared with the RR1022 ancestor cells. Immuno¯uorescence analyses revealed that actin stress ®bers and adhesion plaques were rearranged in these cells. We conclude from these data that an active rho protein can restore elements of the actin cytoskeleton in transformed cells by overriding the tyrosine kinase phosphorylation induced by the pp60 v-src .
Introduction
Members of the ras super family regulate a wide spectrum of processes in the eucaryotic cell (Barbacid, 1987) . These GTPases are divided into ®ve subfamilies, ras, arf/sar, rab/YPT, ran and rho with special functions ascribed to each subfamily.
Members of the rho-family, rho (subtypes a, b and c), rac, cdc42, rhoE, rhoG and TC10 are known to regulate polymerization of actin in more highly organized structures like stress ®bers, surface protrusions (®lopodia, lamellipodia, rues), the cortical actin network and the contractile ring. Further evidence for the mechanism of action of the rho GTPase came from studies using mutant forms of this protein. Exchange of the Gly14 to Val14 resulted in a protein with a drastically reduced endogenous GTPase activity and diminished sensitivity toward the rho-GTPase activating protein (GAP). Introduction of this protein into quiescent, serum starved Swiss 3T3 cells stimulated a reorganization of the stress ®bers and adhesion plaques (Ridley and Hall, 1992) . The formation of stress ®bers and adhesion plaques was the result of a cascade style activation of cdc42, rac and ®nally rho. Growth stimuli at the plasma membrane like PDGF or EGF, result in the accumulation of rac proteins in a GTP-bound activated form (Nobes and Hall, 1995) . Activated rac protein causes an accumulation of active rho-GTP and ultimately induces the formation of stress ®bers. Addition of lysophosphatic acid (LPA) directly activates the rho protein.
The activity of the rho protein is modulated by a set of accessory factors like guanosine nucleotide exchange factors (GEF), GTPase activating proteins (GAP) and guanosine nucleotide dissociation inhibitors (GDI). These accessory factors regulate the GTPase activity of the rho proteins after signals are transduced from activated plasma membrane receptors to the GTPbinding protein (Lamarche and Hall, 1994; Cerione and Zheng, 1996) . Two serine/threonine kinases were characterized as rho interacting proteins. Protein kinase N (PKN) binds to rho-GTP, and this association enhances the kinase activity of PNK in vivo and in vitro Watanabe et al., 1996) . A second serine/threonine kinase, the rhoassociated kinase ROKa, and the related rhoassociated coiled-coil-containing protein kinase Rock also react with the GTP-form of rho Leung et al., 1996; Matsui et al., 1996) . Both proteins are recruited to the membrane in a ras/raf like mechanism by activated, GTP-bound rho protein.
Another rho interacting protein was isolated and identi®ed as the myosin binding subunit (MBS) of the myosin light chain phosphatase . MBS is a substrate for ROKa kinase activity. Phosphorylation of MBS results in a decrease in MLCphosphatase activity and ultimately in the formation of stress ®bers (Leung et al., 1996) .
In addition to modulating the organization of actin in various subcellular structures, the rho family has also been shown to regulate the assembly of adhesion structures, such as adhesion plaques, tight junctions and adherent plaques (Easton et al., 1995; Nobes and Hall, 1995; Nusrat et al., 1995) . Both extracellular stimuli as well as point mutations can activate rho proteins. Virus transduced v-src oncogenes target the actin cytoskeleton during their neoplastic transformation of cells. Transformed cells display a rounded cell shape induced by the loss of stress ®bers, adhesion plaques and ®bronectin. The only known enzymatic function of the Rous sarcoma virus encoded pp60 animals Schartl, 1984, 1987; Barnekow, 1991) . It is generally believed that not only the loss of growth control and anchorage dependence but also the change of the actin cytoskeleton and the metabolite import is the result of tyrosine phosphorylation of numerous target proteins (for review see Erpel and Courtneidge, 1995) . Extensive research over nearly two decades has elucidated many substrates for the pp60 v-src kinase. A subset of these targets is associated with dierent elements of the cytoskeleton.
Several proteins of the adhesion plaques, structures connecting the actin stress ®bers to the plasma membrane and the extracellular matrix, are found to be phosphorylated in tyrosine residues. Among these are paxillin, talin, subunits of the integrin receptor, the focal adhesion kinase p125 FAK and vinculin (Sefton et al., 1981; Hirst et al., 1986; Pasquale et al., 1986; Turner, 1991; Guan and Shalloway, 1992) . The discovery of p120 ras GAP, a protein binding to pp60 src , established the link between the phosphotyrosine and the ras pathways of intracellular signal transduction (Brott et al., 1991; Trouliaris et al., 1995) .
The various functions of the rho protein have been studied extensively in non transformed ®broblasts. Nevertheless, it is still not clear how the rho protein is linked to the oncogenes in transformed cells. In this study we examine the eect of dierent mutants of the rho protein on the phenotype of virus transformed cells.
In particular we demonstrate that the expression of an activated rho protein results in the regeneration of actin related cytoskeletal elements in transformed rat ®broblasts. 
Results

Characterization of mutant rho proteins
To study the eect of the rho protein in transformed mammalian cells a set of mutant proteins was constructed. Each of these mutant polypeptides has altered nucleotide binding properties and therefore simulates dierent conformations of the rho protein.
Rho G14V has an exchange of glycine 14 to valine and in rho Q63L the glutamine in position 63 is changed to leucine. In the related ras proteins similar mutations result in a dramatic reduction of the endogenous GTPase activity and lead to constantly active protein.
In rho N117I, the exchange of an asparagine to isoleucine destroys the binding pocket for the guanosine base. This type of amino acid exchange has induced a trans dominant negative phenotype in all small GTPases tested. To con®rm the proposed phenotypes, the cDNAs were expressed in E. coli and the polypeptides were analysed for their ability to bind and hydrolyze GTP. The wt and mutant rho cDNAs were tagged with the sequence coding for the mycepitope at the 5' end and subcloned into the E. coli expression vector pQE9. Proteins were isolated from the E. coli lysate by Ni-agarose anity chromatography. They were puri®ed to homogeneity by chormatography on MonoQ-Sepharose. Figure 1a represents the result of the GTP-binding assays ( Figure 1a , upper panel). The rho wt, rho G14V and rhoQ63L clearly bind GTP while the rho N117I does not display any GTP-binding activity. While able to bind GTP the rho V14V and rho Q63L polypeptides lack a detectable GTPase activity as shown in Figure 1a (lower panel). A substantial GTPase activity can only be observed for the rho wt protein.
After the phenotypes of the mutants were determined, the rho cDNAs were transferred into the eucaryotic expression plasmid pSVSport. The resulting plasmids were transfected into CV1 cells to investigate whether the dierent polypeptides could be expressed in mammalian cells. This is necessary since some mutants of the ras like small GTPases exhibit a high level of cytotoxicity. The¯uorescence micrograph presented in Figure 1b clearly proves that all proteins can be detected after transient expression in CV1 cells. The distribution of all four polypeptides is similar. This is an interesting phenomenon, since for the related rab proteins, the nucleotide induced conformation determines the post-translational modi®cation and therefore the intracellular distribution (Schiedel et al., 1995; Seabra, 1996) . As judged by intensity of the immuno¯uorescence all four proteins are expressed at the same level in the CV1 cells. Cells transfected with b Figure 1 Characterization of the phenotypes and transient expression of the rho wt and mutant proteins. (a) Characterization of the GTP binding and GTP hydrolysis activities of the rho wt and mutant proteins. GTP binding of the rho wt and mutant proteins: proteins were puri®ed from E. coli lysate by anity chromatography on Ni-NTA columns and subsequent ion exchange chromatography on MonoQ columns. Two mg of the dierent rho proteins were separated by SDS ± PAGE and transferred to nitrocellulose as described above. Membranes were incubated with a-[ 32 P]GTP to analyse GTP binding properties. GTPase activity of the rho wt and mutant proteins: 2 mg of puri®ed rho wt, N117I, Q63L or G14V were preloaded with 1 mCi of a[ the dierent rho cDNAs show no dierences in morphology compared to non transfected cells.
Transformed cell lines expressing the rho wt or mutant proteins
To study the eects of the rho protein on the morphology and cytoskeleton organization we chose the RR1022 cell line as a model system. RR1022 cells were originally established by injection of Rous sarcoma virus into rat muscles. The resulting RR1022 cells are transformed by the viral pp60 v-src . These cells express the v-src oncoprotein but do not produce infectious viral particles. Cells were cotransfected with the rho cDNAs and the pSV2neo plasmid to allow antibiotic selection. Transfected cells were selected by the antibiotic G418. Four individual clones of each transfection and selection experiment were grown and the cells were analysed for the expression of rho proteins. Figure 2 shows the result of the Western blot analyses. To discriminate between the endogenous and the recombinant protein, the 9E10 antibody, which recognizes the myc epitope at the amino terminal end of the recombinant rho, was used for these experiments. In the wt transfected cells a band of around 25 kD can be detected ( (Figure 2 ). The rho Q63L protein could only be detected after longer exposure of the Western blot. In two out of four clones the 25 kD rho speci®c bands can be observed together with a band of higher molecular weight. The later one is most likely an endogenous protein band since it is also visible in the other post nuclear extracts after longer exposure. The cell lines expressing the rho wt or mutant proteins were analysed toward their morphology and organization of the cytoskeleton. For this analysis cell clones obtained from independent transfection with the same rho construct were compared. All independent cell lines expressing the same rho protein showed identical phenotypes. For this reason only one line for each rho construct is shown in Figures 3 ± 9. The data presented in these ®gures are the summary of several independent experiments.
Post-translational modi®cation and localization of the rho proteins in RR1022 cell lines
Rho proteins, like most of the other ras like proteins, become active after they are translocated to the membranes. In the mammalian cell, only a fraction of the rho proteins can be detected on the lipid bilayer of the plasma membrane (Adamson et al., 1992) . Posttranslational isoprenylation of ras-proteins is the ®rst step in the translocation process. We have recently shown that geranylgeranylation of the rab6 protein, a protein related to the rho protein, is only modi®ed by the rab geranylgeranyl transferase when it is in the GDP-bound conformation (Schiedel et al., 1995) . To ®nd out whether the rho wt and the three mutant proteins become geranylgeranylated, the Triton X114 separation method was employed (Bordier, 1981; Schiedel et al., 1995) . Under the conditions used in this set of experiments non isoprenylated rho protein separates into the aqueous phase while isoprenylated rho protein can be detected in the detergent pellet. Figure 3 shows the result of the detergent partition experiment. Twenty mg of protein obtained from the post nuclear supernatants of rho wt, rho G14V and rho N117I expressing RR1022 cells were analysed by TX114 separation. Since rho Q63L is expressed in the cell at a much lower level, 60 mg of total protein were used in the assay. Corresponding aliquots of the Figure 2 Analysis of the neomycin resistant RR1022 cell clones. Cell extracts were prepared from the cell clones obtained by neomycin selection. The ®gure shows the results of the analyses of four individual clones of rho wt, rho G14V, rho Q63L and rho N117I. Twenty mg of cell extracts were separated by SDS ± PAGE and transferred to nitrocellulose. The rho protein expressed under the control of the SV40 promoter was detected by the 9E10 mab, speci®c for the myc epitope. Secondary antibodies were directed against mouse IgG and coupled to horseradish peroxidase. Blots were developed using chemiluminescence and exposed to X-ray ®lm. The upper band seen in some lanes most likely represents an endogenous protein. Lanes labeled`N' contain extracts from cell clones obtained after transfection of RR1022 cells with pSV2neo alone Figure 3 Isoprenylation of rho proteins in transfected cell lines. Post nuclear supernatants were prepared from cell lines stably transfected with neomycin alone or with neomycin and rho wt, rho G14V, rho Q63L and rho N117I. Cell lysates were extracted with Triton X-114 as described in the Materials and methods section and separated into the detergent-containing pellet (D) and the aqueous supernatant (A). Under these conditions modi®ed rho proteins separate into the detergent phase while unmodi®ed apoproteins remain in the supernatant. Aliquots of pellet and supernatant phases were separated on 15% SDS-gels and transferred to nitrocellulose. Rho proteins were detected using the myc speci®c antibody 9E10. Blots were developed as described in Figure 2 rho protein in transformed cells T Mayer et al aqueous and the detergent phase were analysed by SDS ± PAGE and Western blot. As can be seen in Figure 3 most of the rho proteins can be detected in the detergent phase suggesting that the vast amount of the cellular rho proteins is modi®ed by isoprenyl groups. Only for the rho G14V a substantial portion of the protein is found in the aqueous phase. This can be explained by two facts. Either the rho G14V is a less preferred substrate for the GGTaseI or the protein is expressed at somewhat higher concentrations in the cell and thus the activity of the enzyme is limiting. The next point we investigated was the intracellular localization of the transfected rho. Hall and coworkers have reported that rho proteins can be detected at the plasma membrane of transfected cells, but most of these proteins are localized in the cytosol (Adamson et al., 1992) . From these data it was concluded that the rho proteins need to undergo a membrane/cytosol cycle to be functional. To analyse whether the dierent rho mutant proteins behave like the wt protein, post nuclear supernatants from cell lysates of transfected cell lines were fractionated into a soluble cytosolic fraction and a 100 000 g membrane pellet. Each fraction was analysed by Western blotting. Figure 4 illustrates the distribution of the recombinant rho proteins in the RR1022 cells. Each lane contains corresponding aliquots of the total post nuclear supernatant (P), membrane fraction (M) and the cytosolic pool (C). From the data shown in Figure 4 most of the rho wt protein stays cytosolic and only a minor fraction gets bound to the cell membrane. The same is true for the rho G14V and the rho N117I protein. In contrast, the Q63L is exclusively localized on the cell membrane. The data presented above clearly show that the rho mutant proteins undergo postranslational geranylgeranylation and membrane translocation.
Phenotypes of the RR1022 transfected cell lines
Transformed ®broblast cells, such as the RR1022 line, display a certain cell morphology, which is quite dierent from the phenotype of their non transformed ancestors. While non transformed RAT1 ®broblasts have a¯at, spindle-like phenotype (Figure 5a ), transformed RR1022 rat ®broblasts are round and do not rely on a matrix to grow (Figure 5b) . Coincident with the round shape is the loss of actin stress ®bers and adhesion plaques. At the surface of these cells the amount of ®bronectin bound to integrin receptors is drastically reduced.
The micrographs in Figure 5 depict the morphology of the dierent RR1022 cell lines. The neomycin transfected cells have the rounded shape of the transformed ancestor cell line (Figure 5b ). The same is true for the cells expressing the transdominant negative rho N117I (Figure 5f ). Little if any change of the cell morphology is also observed for the lines expressing the rho wt or the constitutionally active rho G14V (Figure 5c and d) . However, cells expressing the Figure 4 Distribution of rho wt and mutant rho proteins in RR1022 derived cell lines. (a) Distribution of the endogenous rho proteins in non transformed Rat1 and transformed RR1022 cell lines. Post nuclear supernatants were prepared from Rat1 and RR1022 cells. Cytosolic and membrane associated proteins were separated by centrifugation at 100 000 g for 1 h. Total postnuclear supernatant (P), cytosolic fraction (C) and membrane fraction (M) were analysed by SDS ± PAGE and transferred to nitrocellulose. Rho proteins were detected by polyclonal antibody against rho as described in Figure 2. (b) Postnuclear supernatants were prepared from RR1022 derived cell lines expressing rho wt, rho G14V, rho Q63L and rho N117I. Cytosolic and membrane associated proteins were separated by centrifugation at 100 000 g for 1 h. Total post nuclear supernatant (P), cytosolic fraction (C) and membrane fractions (M) were analysed by SDS ± PAGE and transferred to nitrocellulose. Rho proteins were detected by 9E10 mab as described in Figure 2 . The lane representing the rho Q63L protein was exposed approximately ®ve times longer than the other lanes rho protein in transformed cells T Mayer et al Q63L polypeptide display a changed morphology. The cell shape reverts from a rounded form toward a¯at, more ®broblast like structure. As can be observed in Figure 5e cells are spread out and the nucleus can clearly be seen in the phase contrast micrograph. These cells do not appear as¯at as the RAT1 ®broblasts (Figure 5a ), but are quite dierent from the cells expressing only the neomycin resistant gene (Figure 5b) or the other rho mutant proteins (Figure 5c, d and f) . In addition cells are reattached to the matrix of culture plate and do not grow to the same density.
Expression of rho Q63L induces reorganization of the stress ®bers and adhesion plaques
The actin cytoskeleton is one major component that determines the shape of mammalian ®broblasts by forming contractile bundles such as the stress ®bers or tight parallel bundles in the ®lopodia. The cortical actin network represents yet another form of polymerized actin which contributes to the cell shape. The data shown in Figure 5e clearly prove that overexpressing an active rho protein can change cellular appearance. To con®rm whether this coincides with actin rearrangements, cells were stained with phalloidin to label polymerized actin. RAT1 ®broblasts display an organized pattern of actin stress ®bers (Figure 6a ). In Figure 6b it can be seen that no stress ®bers are formed in the control cells transfected only with neomycin cDNA. The actin instead is organized in structures residing in the cytoplasm. A concentration of actin is also visible under the plasma membrane. This most likely represents the moiety of actin organized in the cortical network and rue like structures. The cytoskeleton level of actin organization of the cells expressing rho wt (Figure 6c ), rho G14V (Figure 6d ) or rho N117I (Figure 6f) is reminiscent of the light microscopical morphology of these cell lines as shown in Figure 5 . In both cytoskeleton organization and light microscopical morphology, these cells resemble the control cells depicted in Figures 5b and 6b . Among the transfected cell lines, bundled structures of actin can only be detected in the rhoQ63L line. Here, cells clearly display stress ®bers spanning through the cell body (Figure 6e ). And as already anticipated from the light microscopy appearance these cells have rearranged parts of the actin into stress ®bers but do not display the highly organized pattern of actin bundles Fibronectin is a component bound to the surface of ®broblasts via speci®c receptors, the integrins. Transformed cells show a drastically reduced binding of ®bronectin. We compared the amount of ®bronectin on the surface of the rho Q63L cells with that of the transformed control cells and RAT1 cells, a prototype of rat ®broblasts. While RAT1 cells display a strong staining on the outside of the plasma membrane (Figure 8a ), both the RR1022 (Figure 8b ) and the Q63L (Figure 8c ) cell line show that the amount of ®bronectin on the plasma membrane is drastically reduced. There is only very little dierence in the amount of ®bronectin associated with the surface of RR1022 versus QL63L expressing cells.
Growth rate and kinase activity in the rho Q63L cells are unaected
To investigate whether the changes in the rho transformed cells are restricted to the cytoskeleton or are part of a process which reverts these cells to a non transformed phenotype, we measured three of the v-src protein, we determined the concentration and the activity of pp60 src tyrosine kinase. Figure 9 shows the result of the Western blot analyses. Lanes 1 and 2 display the amount of the pp60 src protein in post nuclear supernatants of the neomycin transfected control cell line (lane neo) and the Q63L expressing cells (lane rho Q63L). The Western blot analyses reveal that the amount of src polypeptide is unchanged. To determine the activity of polypeptide, we isolated the pp60 src tyrosine kinase by immunoprecipitation from the post nuclear supernatant. The enzyme activity was determined by in vitro phosphorylation of the IgG heavy chain in the immunocomplex. The left portion of Figure 9 shows the result of the kinase assay. The amount of [ 32 P]phosphate incorporated into the heavy chains by the kinase activity isolated from neomycin control cells (lane neo) or from Q63L cells is similar, thus proving that the activity of the pp60 src is not altered by the expression of the rho Q63L polypeptide. The data presented above prove that the morphological changes of the Q63L expressing cells are not the result of the src polypeptide inactivation but are rather the result from interruption of the signal pathway.
Discussion
Aim of our study was to de®ne the link between the transforming activity of the v-src oncoprotein, the actin cytoskeleton and the rho protein. The function of rho proteins during the reassembly of adhesion plaques and stress ®bers was ®rst reported by Ridley and Hall (1992) . In addition to the rho proteins a whole array of other factors and events are necessary to regulate the structure of various actin-based subcellular components (for review see Stossel, 1989) . Little is known about the function of the rho proteins in transformed cells. We have described above that activation of the rho protein by mutagenesis can induce morphological changes in v-src transformed rat ®broblasts. RR1022 cells expressing an activated form of the rho protein (rho Q63L) display a more ®broblast-like phenotype than control cells. Rho Q63L not only shows a much stronger morphological eect on the phenotype of the RR1022 cells than the G14V but is also expressed at a much lower level. In the transient transfection as described in Figure 1b , all forms of the rho protein are expressed at the same level. Since a whole set of rho Q63L stable transfectants was examined and all show the same low level of expression it is likely that cells do not tolerate higher concentrations of this polypeptide. A possible explanation for this intolerance is that the actin cytoskeleton as a highly dynamic structure has to be reorganized during cell division. High levels of the activated rho protein may render the cell incapable of rearranging the actin cytoskeleton during cell division. While the concentration of rho Q63L is low in the transfected cell, the amount of the endogenous rho is not reduced when compared to the cell lines expressing rho wt or rho G14V and N117I polypeptides (data not shown). Only the Q63L protein but not the G14V protein showed morphological eects when expressed in the RR1022. From our experiments we could not obtain a clear explanation for these phenomena. In vitro both proteins display a drastic reduction of their GTPase activity. There is a chance, that in vivo both mutant proteins display altered interactions with the guanosine nucleotide exchange factors (GEF), proteins which enhance the binding of GTP to the rho proteins, or GTPase activating proteins (GAP), the proteins which activate the endogenous GTPase activity of the rho protein. As far as tested no changes in the other transformation parameters, like the cells' doubling time or ®bronectin binding, can be detected in the transfected cell line.
The question then arises how rho protein connects to aspects of the transforming activity of the v-src polypeptide. The data described above clearly indicate that the activated rho protein can restore the alterations of the cytoskeleton induced by pp60 Figure 9 pp60 kinase activity in stable cell lines. To access the kinase acitivity in stable cell lines, the amount and the kinase activity of pp60 v-src were determined. Western blot analyses: Cell extracts were separated on 11% SDS gels and the amount of pp60 src was determined with the monoclonal Abs 327 and N17 directed against the cellular form (mab327) and the viral form (N17) of the pp60 protein, and a peroxidase coupled secondary antibody. Blots were developed using chemiluminescence and exposed to X-ray ®lm.`Neo' shows the results obtained with extracts from the neomycin transfected control cells and`rho Q63L' the results with the extracts from the rho Q63L cells. Kinase assay: Kinase activity of the pp60 v-src protein in extracts of the transfected cell lines. pp60 was precipitated and the tyrosine kinase activity was assessed by phosphorylation of the 53 kD IgG heavy chain. Corresponding aliquots were precipitated and kinase assays were done in the presence of labeled ATP. Neo' shows the results obtained with extracts from neomycin transfected control cells and`rho Q63L' the results from the rho Q63L extracts rho protein in transformed cells T Mayer et al MAP kinase are activated during G1 when the v-src activity is required (Wyke et al., 1995) . The second pathway leads to morphological alterations which are induced by changes in the actin cytoskeleton of transformed cells. The latter pathway is independent from the mitogenic pathway since it is not impaired by attenuation of the MAP-kinase or AP-1 activation (Wyke et al., 1993 (Wyke et al., , 1995 Frame et al., 1994) . One mechanism for v-src-induced cytoskeleton could be the direct tyrosine phosphorylation of cytoskeleton proteins. Indeed, a set of proteins localized in adhesion plaques is tyrosine phosphorylated in v-src transformed cells. Among them are paxillin, vinculin, talin, the ®bronectin receptor, a member of the integrin family and the p125 FAK protein (Rohrschneider and Reynolds, 1985; DeClue and Martin, 1987; Horvath et al., 1990; Turner, 1991; Guan and Shalloway, 1992) . A direct interaction of the src oncoprotein with elements of the cytoskeleton is an attractive hypothesis, but in experiments comparing wt or mutant src proteins it has been shown that well developed adhesion plaques can contain high amounts of active v-src protein (Stoker et al., 1986; Kellie et al., 1986) . From our data it is more likely that the morphological changes induced by the pp60 v-src tyrosine kinase activity are mediated by the rho protein. During the last years it has been shown in various publications that the rho protein regulates the assembly of stress ®bers and adhesion plaques (for review see Hall, 1992 Hall, , 1994 Tapon and Hall, 1997; Takai et al., 1995) . They are part of a signal cascade which starts at the plasma membrane bound lysophosphatidic acid receptor and leads to the elements of the actin cytoskeleton. Some elements of this pathway are known. Rho-GTP binds to the rho associated kinase (Rho-K), a serine/ threonine kinase. Rho-K phosphorylates the myosin binding subunit (MBS) of the myosin light chain phosphatase (MLC) thus reducing the phosphatase activity of the MLC catalytic domain . Phosphorylated myosin light chains induce the formation of actin stress ®bers. The data presented here clearly show that activated rho protein can override the eect of v-src on the cytoskeleton. This strongly implicates that the rho protein acts downstream from the v-src kinase activity. This is proven by two facts: (1) Constitutionally active rho protein can restore stress ®bers and adhesion plaques; and (2) Expression of the rho Q63L protein neither alters the intracellular concentration of pp60 polypeptide, nor does it change the activity of the v-src kinase as shown by the in vitro kinase assay. Thus it can be concluded that the intracellular phosphorylation pattern will be unchanged by the expression of rho Q63L. Here the question arises where the tyrosine kinase acts on the rho protein. It has been shown before that the GAP proteins of the small GTPases are substrates for the pp60 c-src (Settlemann et al., 1992; Ridley et al., 1994) . In EGF stimulated mouse ®broblasts rho GAP p190 is a preferential substrate for the pp60 c-src kinase . Upon EGF stimulation and GAP-phosphorylation the stress ®bers are temporally dissolved . The rho GAP p190 protein is the major regulator of rho. It recently has been shown that tyrosine phosphorylation of GAP p190 activates the GTPase enhancing activity and thereby shuts down the rho activity . Conversion of GTP to GDP is believed to be followed by a relocation of the rho-GDP into the cytosol. The rho Q63L is localized exclusively on the membrane (Figure 4 ). This fact proves that rho Q63L is resistant to the GAP activity. Since it is GAP insensitive, this rho mutant interrupts the signal pathway from the hyperactive, phosphorylated p190 rhoGAP to the actin. This also makes it understandable why overexpression of the rho wt proteins induces at best minor changes in the organization of the cytoskeleton. The phosphorylated, activated rhoGAP p190 converts the rho wt polypeptide into the inactive GDP bound form.
As seen in Figures 6 and 7 restoration of actin stress ®bers and adhesion plaques is only partial. This phenomenon may be explained by two facts: (1) The activated rho Q63L polypeptide can only be expressed at low levels. The amount of the activated rho protein is probably too low to support a full reorganization of stress ®bers and adhesion plaques; (2) It is not well understood whether or how direct phosphorylation of cytoskeleton proteins contributes to cytoskeleton organization. Other experimental approaches are necessary to address this question. A transformed cell line with an intact cytoskeleton will be an interesting model system to study the relationship of rho proteins to tyrosine kinase proteins. With such a model the biologic relevance of individual target protein phosphorylation can be studied on a molecular level.
Materials and methods
Cells and antibodies
RR1022 cells were obtained from Prof Dr Henning (University Ulm, Germany) and grown in DMEM supplemented with 10% heat inactivated fetal calf serum. Cells were subcultured every two days. The myc-speci®c monoclonal antibody was described earlier (Evans et al., 1985) . The polyclonal antibody against the rho protein was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Monoclonal antibodies against vinculin and phalloidin coupled to FITC were obtained from Sigma (St Louis, USA). Secondary antibodies, goat anti-mouse IgG and goat antirabbit IgG coupled to peroxidase were from Amersham (Braunschweig, Germany) and goat anti-mouse IgG coupled to RITC were from Dianova (Hamburg, Germany).
DNA constructs
The source for rho cDNA was a cDNA clone from Aplysia californica (Madaule and Axel, 1985) . A NdeI restriction site was introduced at the start ATG to facilitate the insertion of an oligonucleotide coding for the myc-epitope tag. The sequence NH 2 -Met-Glu-Gln-Lys-Leu-Ile-Ser-GluGlu-Asp-Leu-His-COOH corresponds to an epitope for the monoclonal antibody 9E10, originally raised against the cmyc protein. This allows immunodetection of the rho protein (Munro and Pelham, 1987) . Point mutations were introduced by subcloning the rho cDNAs into pTZ19 and then using site directed mutagenesis with the thioanalog method as described by Taylor et al. (1985) .
GTP binding assays
Rho wt, G14V, Q63L and N117I proteins (2 mg each) were puri®ed from E. coli and separated by SDS ± PAGE and blotted onto nitrocellulose. The membranes were preincrho protein in transformed cells T Mayer et al uated in GTP-binding buer (50 mM NaH 2 PO 4 /Na 2 HPO 4 , pH 7.5, 10 mM MgCl 2 , 2 mM DTT, 0.2% Tween 20, 4 mM ATP) for 30 min at room temperature. GTP binding was done with a[ 32 P]GTP (3000 Ci/mmol) at 1 mCi per ml in binding buer for 1 h at room temperature. Membranes were washed three times for 5 min in binding buer and exposed to X-ray ®lm for 10 min.
GTPase assays
Two mg of puri®ed rho wt or mutant proteins were loaded on ice with 1 mCi a-[
32 P]GTP (3000 Ci/mmol) in 50 mM Tris HCl, pH 7.8, 2 mM EDTA, 1 mM DTT, 10 mM GTP. The reaction was started by adding 10 mM MgCl 2 and raising the temperature to 378C. Aliquots were removed at various time points and the reaction was stopped by adding 0.2% SDS, 5 mM EDTA, 50 mM GDP and 50 mM GTP. The samples were separatd by PEI thin layer chromatography. Plates were exposed to X-ray ®lm for 16 h.
Transfection of the rho cDNAs into eucaryotic cells
For transient expression of the dierent rho cDNAs including the myc-epitope tag, the corresponding cDNAs were inserted into the plasmid pSVSport (Life Technologies, Eggenstein, Germany). In these plasmids the transcription of the rho cDNA is regulated by the SV40 early promoter. DNA was transfected into CV1 cells by the modi®ed Ca-phosphate method. Cells were ®xed and stained 48 ± 72 h after transfectionn. To establish stable cell lines expressing the dierent rho proteins, RR1022 cells were transfected as described above. Twenty-four hours after transfection cells were split into selective medium containing 400 mg G418 per ml of DMEM supplemented with 10% heat inactivated calf serum. After 14 days the resistant cell clones were separated and the expression of the rho proteins was analysed by immuno¯uorescence and Western blot analyses. Positive cells were subcloned by limited dilution in 96 well tissue culture plates.
Immuno¯uorescence staining
Cells were grown on cover slips. Fixation was done with 3% (w/v) paraformaldehyde for 20 min and cells were permeabilized with 0.2% (w/v) Triton X-100. After blocking with 0.2% (w/v) gelatine, cells were incubated with the ®rst antibody. Detection was achieved with a goat anti-mouse or a goat anti-rabbit antibody conjugated to either¯uorescein or rhodamine isothiocyanat. Polymerized actin was stained by phalloidine coupled to¯uorescein isothiocyanat.
Cell fractionation
Post nuclear supernatants were obtained from cell lines stably transfected with the dierent rho cDNAs. Membrane and cytosolic forms of the proteins were separated by a 100 000 g centrifugation step (SW60 rotor) for 30 min at 48C. Corresponding aliquots were analysed on 15% SDS ± PAGE.
Triton X-114 separation
Rho protein from cell lysates of stably transfected cells was analysed for their geranylgeranyl modi®cation by Triton X-114 partition as described by Bordier (1981) .
SDS ± PAGE and Western blotting
Samples were analysed on 15% SDS ± PAGE and blotted onto nitrocellulose of PDGF membranes. Blots were incubated with 1 : 100 dilutions of supernatant from 9E10 cultures or the anity puri®ed rho polyclonal antibody and horseradish peroxidase conjugated secondary antibody. Antibodies were detected using chemiluminescence and documented on X-ray ®lm (Fuji Photo Film Co., Japan).
Kinase assays
Stably transfected cells were lysed in the presence of 1% Triton X-100. The pp60 v-src protein was immunoprecipitated with 5 ml tumor bearing rabbit serum and 50 ml of ®xed Staphylococcus aureus cells for 12 h. Precipitates were collected by centrifugation and resuspended in kinase buer containing 50 mM ZnCl 2 and 5 mCi ATP [ 32 P] (3000 Ci/mmol) and incubated for 5 min on ice. Reactions were stopped by addition of unlabeled ATP. Samples were analysed on 11% SDS gels. Dry gels were exposed to X-ray ®lms.
